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1. Introduction 

Due to their high current density and zero direct current resistivity, superconductors are the enabling 
component of powerful and efficient magnets for accelerators, nuclear magnetic resonance (NMR), 
magnetic resonance imaging (MRI) and fusion reactors. As the superconductors’ current carrying 
capabilities are not only influenced by the magnetic field and the operating temperature but also 
by the mechanical strain management of the electromagnetic forces is critical. Especially 

rare-earth-barium-copper-oxide (REBCO) coated conductors are further pushing the boundaries of 
superconductivity towards devices with unparalleled magnetic fields and operating current densities. 
Ongoing high-field projects based on REBCO coils include high-resolution NMR spectrometers at 
1.3 GHz, corresponding to a magnetic field of 30. 5T mm, dipole magnets at 20 T in the perspective 
of particle colliders with 10 times the present LHC energy [5], the DEMO design studies for the 
future thermonuclear fusion power plants |7]. At these applications’ extreme boundary conditions, 
the conductors have to withstand enormous longitudinal strains and stresses (« 220 MPa in Bi2223 
NMR coils 0, ss 330MPa in HTS fusion magnets [9] and ss 500MPa in REBCO NMR coils [10]) 
making the electro-mechanical and mechanical properties as well as the limits of irreversibility of 
the highest importance for the magnets’ design. In transverse direction (parallel to c-axis), REBCO 
tapes are stress sensitive with irreversibility limits below 30 MPa m m]. This low c-axis strength 
can be limiting factor in REBCO rotating machinery or wet wound coils mm- 

Studies of the electrical transport properties under longitudinal mechanical loads are routinely 
performed on NbaSn wires |14f - fT~8] and cables jl9ti2l] . where strong effects of applied strain on 
the critical current are observed even before that irreversible degradation occurs. The behavior 
of REBCO tapes under strain has been mainly investigated at 77 K in self-field |22H27| . while 
there are only very few electromechanical data at low temperature / high field |241 128] . Moreover, 
industrial manufacturers adopt combinations of different materials of substrate, buffers, stabilizer 
and laminated support and this may lead to large variations in the response of the tape to the 
applied strain. 

In this work, we will compare the influence of mechanical strains and stresses on the current 
carrying capabilities of REBCO coated conductor tapes from five major industrial manufacturers. 
Experiments have been carried out using the Walters spring (WASP) probe developed at the 
University of Geneva [29]- 77 K, self-field and 4.2 K, 19 T are chosen as the measurements’ 
boundary conditions for the results to be relevant for the low field, high temperature applications 
such as cables, rotating machines or transformers as well as the high fields, low temperature 
applications such as NMR magnets, inserts of high field magnets or accelerator magnets. As 
magnets’ electromagnetic Lorentz forces are mainly translated into hoop stresses affecting the 
conductors longitudinally in tension, this direction of mechanical loads is used in the following 
investigations. The paper first discusses the peculiarities of WASP measurements on REBCO tapes 
(section |2|. Section [3] is devoted to the description of the measurement procedures and of the 
investigated samples. The results of the experiments are reported in section [4] and discussed in 
section |5] 

2. Walter spring measurements of REBCO tapes 

Rare-earth-barium-copper oxide tapes are layered conductors. By chemical or physical means, 
layers of metal oxides (buffer layers), a superconducting REBCO layer and stabilizing silver and 
copper layer are deposited with a two dimensional texture upon a substrate of structural material 
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(usually Hastelloy®, stainless steel or nickel alloys). Due to this type of manufacturing, REBCO 
tapes are often referred to as coated conductors. Their layout is shown schematically in figure [T| 



Fig. 1 : Schematic layout of REBCO tapes. The layers are not up to scale. 

In this work, we measured the electro-mechanical properties of REBCO tapes using a Walters 
spring [mi eh, combining high sample lengths with the possibility to measure in tension and 
in compression. This method however requires the samples to be soldered to the spring, pre¬ 
straining them upon cool-down and thus making a determination of their zero strain value necessary. 
Compared to the other low temperature superconductors, there are significant differences when 
performing Walters spring measurements on REBCO tapes. The below mentioned solutions are 
verified and utilized within this work. 

2.1. Mounting of the samples 

The sample has to be soldered to the spring in order to transfer the mechanical strain. With low 
temperature superconductors, this is commonly done with Sn 5 oPb 32 Cdis solder (melting point of 
145 °C) using a soldering iron at 350 - 400 °C and heaters (100 - 120 °C set-point) attached to the 
spring. With this setup, the heat transferred from the soldering iron through the sample is sufficient 
to locally heat the spring above the solder’s melting point in order to bond the sample |32) . 

Challenges with REBCO tapes: REBCO coated conductors however exhibit very low 
transverse thermal conductivity [331 chap. 4.3.4] (roughly three orders of magnitude lower 
than in tape direction [34l S5S]) requiring higher soldering iron temperatures and leading to 
temperatures 3> 200 °C on the coated conductor surface. At these temperatures, the oxygen 
content in the superconducting layer is reduced, resulting in a degradation of the current 
carrying capabilities f5S]. As the soldering is done by hand, along the length of the lm 
long sample, the temperatures and the exposure times vary. Therefore, the critical current 
degradation also varies along the length, yielding very inhomogeneous samples and preventing 
precise measurements. REBCO coated conductors thus require a different mounting method. 
Solution for REBCO tapes: As it is necessary for the soldering of the sample to heat the spring 
above the melting point of the solder, significant heat input is required. In order to prevent 
the sample’s current carrying capabilities from becoming inhomogeneous during mounting, the 
temperature and exposure times have to be constant along the length of the coated conductor 
sample. This is achieved with a two step approach: in the first step, the spring and the 
REBCO tape sample are coated with Sn 5 oPb 32 Cdig solder (melting point of 145 °C, containing 
a colophony base flux core). The Walters spring is nickel coated and can be easily coated with 
solder by using stainless steel flux. By attaching the REBCO tape vertically to a surface with 
low thermal conductivity and using a soldering iron at 180 °C, the soldering is quick and without 
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any critical current degradation. The REBCO sample is then wound around the spring, coated 
side inwards. Two pieces of adhesive tape keep the sample in place. In the second step, the 
sample and the spring are put into a vacuum furnace and heated to 220 °C for 1.5 h. The heat 
treatment in the vacuum furnace reduces the sample’s critical current. The reduction however 
is homogeneous along the length of the sample. The reduction depends on the length of the 
heat treatment, normalized critical currents are therefore used in all following investigations. 
An impact of the heat treatment on the sample’s electro-mechanical properties is investigated 
in subsection 13.51 

2.2. Determination of zero strain 

As the samples are soldered to the spring, they follow the spring’s thermal expansion upon cool¬ 
down. The thermal expansion mismatch between the spring (in our case titanium-aluminum- 
vanadium Ti-6A1-4V) and the sample, induces pre-strain which has to be determined and 
subtracted. With an LTS sample this is done in a two step procedure. In a first step the sample is 
soldered at the spring’s ends while the rest of the sample remains “free” it follows its own thermal 
expansion during cool-down and is without pre-strain m- The sample’s critical current is now 
determined at a magnetic field and temperature at which the measurements is to take place. In 
a second step, the soldering of the sample is completed, connecting it fully to the spring. The 
sample’s current carrying capabilities are measured at the previously used temperature and field 
values, while slowly turning the spring until the same critical current is obtained. This position 
of the spring corresponds to the sample’s pre-strain and is usually referred to as its zero applied 
strain value. For low temperature superconductors, especially for NbaSn, the variation of critical 
current with strain, the “strain effect” is very pronounced, making this method precise and reliable. 
Critical currents from different fields can be used in order to further enhance the accuracy. 

Challenges with REBCO tapes: For REBCO coated conductors on the other hand, the strain 
effect is significantly lower compared with low temperature superconductors. Within the 
reversible region, mechanical strains reduce the current carrying capabilities solely by a 
few percent, preventing precise determination of the zero strain with the above mentioned 
procedure. Electro-mechanical Walters spring measurements with REBCO tapes require 
therefore a different mean to obtain their point of zero strain. 

Solution for REBCO tapes: The use of two strain gauges, one glued onto the sample and one 
glued to a free piece of REBCO tape located close to the spring, enables direct measurement 
of the strain induced into the sample during cool-down [22J |25j. 350 0 strain gauges are used 
that are fed with a constant current of 1 mA in series with a high precision current source and 
are read in parallel with two Nano-volt meters. The readout of the Nano-volt meters is zeroed 
at room temperature, the probe is inserted into the cryostat and cooled down to measurement 
temperature (77K, 4.2K respectively). The readouts diverge as the strain gauge onto the free 
piece of REBCO tape follows the coated conductor’s thermal expansion while the strain gauge 
on the sample is mainly influenced by the thermal expansion of the spring material. With 
—0.17% at 4.21< and —0.16% at 77K, the thermal expansion of the spring (Ti-6A1-4V) is 
very low, much lower than the coated conductors’ thermal expansion [T3]. The REBCO tapes 
samples are therefore strained in tensile direction. Slowly turning the spring into compression 
reduces the differences of the strain gauges’ readouts until they are equalized around —0.14% 
to —0.15% strain depending on the manufacturer of the coated conductor sample. This is the 
zero strain value e zero of the sample at the used measurement temperature. With repeated 
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measurements of the same type of coated conductor sample, this method has proven to be 
precise, reliable and repeatable. Furthermore, using the temperature dependent gauge factor 
of the strain gauges, it is possible to use the sample’s gauge to directly calibrate the angle 
and applied strain correlation of the Walters spring. This method to determine the zero strain 
value is used in all following experiments. 

3. Experimental details 

A four-turn, titanium-vanadium-aluminum (Ti-6A1-4V) Walters spring with an active diameter of 
39 mm is used. There is a 4.1mm wide grove for the sample. The total length of the sample is 
0.985 m, there are 0.486 m of the sample on the spring usable for measurements. The Walters spring 
and the mounted sample are shown in figure [2j 

D 



Fig. 2 : Walters spring and REBCO tape sample including the position of the voltage taps. 


3.1. Determination of the critical current 

Four pair of voltage taps are used to determine the samples’ critical current. One pair of voltage 
taps over the first turn (A: 122 mm measurement length) , one pair over the second and third 
turns (B: 244 mm measurement length) and one pair over the fourth turn (C: 122 mm measurement 
length). The final pair of voltage taps is over the whole spring (D: 484mm measurement length). 
During the measurement, the current is increased in small steps while four Nano-volt meters 
simultaneously read the voltage over the different turns of the sample. This arrangement allows 
low noise measurements for precise determination of the critical currents and the critical current 
index values (n-values). An exemplary electric field vs. current curve, demonstrating the precision 
of the system, is shown in figure [3] In all following experiments, the critical current is defined as the 
current at the critical electric field of O.lgVcm -1 (lower criteria) of the voltage tap pair spanning 
the whole spring (D: 484 mm of measurement length). 

3.2. Determination of the strain dependence of the critical current 

If the superconducting layer is not located in the sample’s center, strain is induced while bending 
around the spring. The bending strain Cbending depends on the displacement of the superconducting 
layer from the tape’s neutral axis and is determined by comparing the circumference of the neutral 
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Fig. 3: Exemplary electric field vs. current curve of the Walters spring measurement system. The 
measurement is of SuperOx tape at 4.2 K, 19 T at a 0.40% tensile strain. 


axis and the circumference of the REBCO layer. In all investigated samples, the superconducting 
layer is located closer to the center of the spring compared with the sample’s neutral axis, the 
superconducting layer is therefore compressed upon bending around the spring. The sample’s 
strain e is obtained by subtracting the zero strain value e zero and the bending strain Cbending from 
the applied strain. In order to determine the samples’ irreversibility limits (irreversible strain ei, T 
and irreversible stress <7i rr ), after each critical current measurement I c (e n ) at certain strain e n , 
the strain is reduced to the previous strain step e n _i and the critical current is measured again 
J c back (e n _i). Within the reversible strain region of the sample, the critical current recovers yielding 
the same value as on the first measurement at this strain / back (e n -i) = ^c(en-i)- However, if the 
sample is damaged, this procedure is not reversible and the critical current of the “backstep” is 
lower than the value found at the first measurement / back (e n _i) < / c (£n-i)- With this method, the 
irreversible strain ei rr of the sample is therefore defined as the strain interval between the highest 
strain step after which at least one of the backsteps recovered and first strain step with no recovering 
backsteps. This interval is converted into a stress interval using the stress and strain correlation 
of the corresponding sample (subsection |4.2[ ) yielding the irreversible stress limit a nr . All following 
experiments utilize this method to determine the samples’ irreversibility limits. 

3.3. Determination of the stress dependence of the critical current 

In order to translate the strain behavior of the coated conductors to stress, their stress - strain 
correlation is measured at the same temperatures of the electro-mechanical tests using a free 
standing mechanical measurement system. One side of the sample is fixed while the other is 
attached to a pulling rod. Nyilas type extensometers [351 3S, are attached to the sample reading 
the strain while a high precision load cell located in the pulling rod directly above the sample reads 
the stress. After cool-down to operating temperature, the sample is slowly strained, releasing the 
force to two thirds of its current value at 0.3% and 0.5% strain. The slope of these so called 
“mini loops” give the sample’s Young’s modulus Eq. For the determination of the stress, the cross 
sectional area of the sample is highly important, thus the precise dimensions of the coated conductor 
sample are obtained through micro-graphs. The stress versus strain curves are fitted with high order 
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polynomial functions in order to translate the measured strains of the Walters spring experiments 
into mechanical stresses. 

3-4- Investigated samples 

In this work, REBCO coated conductors from the major industrial manufacturers Bruker HST, 
Fujikura, SuNAM, SuperOx and SuperPower are characterized. An overview of the investigated 
samples including their strain corrections, zero strains e ze ro and bending strains ebending is given in 
table H] 

Tab. 1: Overview of the investigated REBCO tapes and their strain corrections: bending 
strain ebending and zero strain e zer o- Tape width and thickness are obtained from micro-graphs. 
Engineering current densities are from the samples as received (without heat treatment). Values 
marked with * are extrapolated using scaling relations. 


width 


Bruker HST 


Fujikura 


SuNAM 


Sup. 


■Ox 


SuperPower 


4.10 mm 


3.05 mm 


4.00 mm 


4.04 mm 


4.00 mm 


thickness 

153 pm 

161 pm 

110 pm 

112 pm 

101 pm 


substrate 

100 pm 

75 pm 

60 pm 

60 pm 

50 pm 


stainless steel 

Hastelloy 

Hastelloy 

Hastelloy 

Hastelloy 


Cu stabilization 

2X15 pm 

1X75 pm 

2x18 pm 

2X20 pm 

2X20 pm 


electroplated 

laminated 

electroplated 

electroplated 

electroplated 


4ng(77K, self-field) 

87 A mm 2 

350 A mm 2 

445 A mm 2 

305 A mm 2 

225 A mm 2 


Jeng(4.2K, 19 T ||) 

2.0 kA mm 2 * 

3.5 kA mm 2 * 

2.0 kA mm 2 

1.1 kA mm 2 

3.9 kA mm 2 * 


e bending 

0.030 % 

0.002 % 

0.018 % 

0.017% 

0.014 % 


e zero(77 K) 

0.145 % 

0.139 % 

0.142 % 

0.138 % 

0.142 % 


e zero (4.2 K) 

0.152 % 

0.145 % 

0.148 % 

0.144 % 

0.149 % 


3.5. Impact of the heat treatment on the electro-mechanical properties 

As the samples are heated in a vacuum furnace to 220 °C during mounting, their superconducting 
layers are partially depleted of oxygen with the level of depletion depending on the duration of 
the heat treatment. In order to investigate the influence of the oxygen depletion on the electro¬ 
mechanical properties, two samples of the same REBCO tapes are mounted using two different 
heat treatment times (long heat treatment of 1.5 h and short heat treatment of 0.5 h) . Their 
electro-mechanical properties are measured in a liquid nitrogen bath at 77K, self-field. The strain 
dependence of their normalized critical current as well as their irreversible strain e; rr limits are 
shown in graph (a) of figure [4] while graph (b) gives the strain dependence of their critical current 
index values (n-values) n. Both samples behave identically, their normalized critical current versus 
strain curves overlap and their reversible strain limits are within 0.66 - 0.69 % for the long heat 
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treatment and within 0.69 - 0.72% for the short heat treatment. This is within one step of strain 
(0.03%) as used for these measurements. The critical current index value (n-value) versus strain 
curves are of the same shape, with higher n-values in the case of the shorter heat treatment. This is 
to be expected as the oxygen depletion of this sample is lower, resulting in higher critical currents 
and therefore also higher n-values due to the strong correlation between pinning properties, critical 
current and n-value. Furthermore, these measurements demonstrate the reliability and repeatability 
of the Walters spring setup, and show that any major impact of the heat treatment on the electro¬ 
mechanical properties of the REBCO tape samples can be excluded. 



strain, e / % strain, s / % 

Fig. 4: Characterization of the electro-mechanical properties of SuperPower REBCO tapes with 
different heat treatment times (long heat treatment of 1.5 h in black and short heat treatment of 
0.5h in red). The strain dependence of the normalized critical current is shown in the graph (a) 
and the strain dependence of the critical current index in graph (b). Measurements are performed 
at 77 K, self-field. 


4. Results 


With the above mentioned setup and measurement procedure, all REBCO tape samples 
(SuperPower, Bruker HTS, SuNAM, Fujikura and SuperOx) are electro-mechanically characterized 
at 77 K, self-field and 4.2 K, 19 T. The magnetic field is oriented parallel to the tape surface. 
All samples have been subjected to the same heat treatment during mounting (1.5h at 220°C). 
Their strain behavior (subsection 4.1) is combined with stress-strain measurements at the same 
temperatures (subsection |4.2|) 


in order to gain the samples’ stress behavior (subsection |4.3| ). To 
ease the comparison of the results for the various manufacturers and due to the critical current 
degradation during their heat treatments, the current carrying capabilities of all coated conductor 
samples are normalized to their maximal critical current. 


4-1. Normalized critical current vs. strain 

The 77 K, self-field strain dependence of the samples is shown in figure [5] with the normalized critical 
current versus strain dependence in graph (a) and the n-value dependence in graph (b). 
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■ Superpower: 

0.66 < £„ < 0.69 % 

• Bruker HTS: 

0.70 < £„ < 0.72 % 

A SuNAM: 

0.66 < £ n < 0.68 % 

▼ Fujikura: 

0.56 <£ rr < 0.58 % 

i SuperOx: 

0.47 <£ <0.49% 




77 K, self-field 


8 


i 


_ * 

8 

^ 8 


% 

.A,. 


.4 0.6 

strain, e / % 



Fig. 5 : Strain dependence of various industrial REBCO tapes at 77 K, self-field. Normalized 
critical current / c /7c,max versus strain e and irreversible strain limits ei rr in graph (a). Critical 
current index value (n-value) versus strain e in the graph (b) 


The tapes from SuperPower and SuNAM exhibit very similar strain dependence with 
irreversible strain limits £i rr of 0.66 - 0.69% for SuperPower tapes and 0.66 - 0.68% for SuNAM 
tapes. Their normalized critical current curves overlap and their n-value curves are of similar shape 
with higher n-values for the SuNAM tapes. Bruker HTS tapes exhibit a “more round” normalized 
versus critical current curve, indicating a stronger strain effect accompanied by very high irreversible 
strain limits ei, T of 0.70 - 0.72%. The samples from Fujikura and SuperOx on the other hand have 
a “step-like” transition from their reversible to irreversible region. At a rather low strain (0.55 - 
0.58% for Fujikura tapes and 0.47 - 0.49% for SuperOx tapes), their critical current is irreversibly 
reduced and stabilized at lower currents. At higher strains, there is a second strong degradation 
of their current carrying capabilities. This “step-like” behavior is also visible in the n-value versus 
strain dependence in graph (b). At 77 K, self-field the samples with the highest irreversible strain 
limits are from Bruker HTS, followed by SuperPower and SuNAM. The irreversible strain limits 
of Fujikura and SuperOx are significantly lower due to the “step-like” transition. Furthermore, the 
samples from Fujikura and SuperOx are fully de-laminated after these measurements as shown in 
figure [6] The tapes are split between the buffer layer stack and the superconducting REBCO layer. 
This behavior is not observed for any other type of coated conductor tapes. The de-lamination 
and the step like behavior may indicated a interfacial weakness of Fujikura and SuperOx coated 
conductor tapes. 



Fig. 6: De-laminated Fujikura (top) and SuperOx (bottom) tapes after the electro-mechanical 
Walters spring measurements. The coated conductor tapes are split between the buffer layer stack 
and the superconducting REBCO layer making their red buffer layers (Fujikura) and green buffer 
layers (SuperOx) are fully visible. 
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Similar behavior of the coated conductor samples is observed at 4.2 K, 19 T as shown in figure]?] 
normalized critical current versus strain in graph (a) and n-value versus strain in graph (b). In 
the samples’ reversible region, the strain dependence of the normalized critical current is lower, 
the transition to irreversibility however is steeper. The samples’ irreversible strain limits e irr are 
similar; highest for Bruker HTS tapes with 0.70 - 0.72%, followed by SuNAM with 0.67 - 0.69% 
and SuperPower with 0.66 - 0.68%. Fujikura and SuperOx REBCO tapes exhibit significantly 
lower irreversible strain limits with 0.55 - 0.57% and 0.45 - 0.47%, respectively. Full de-lamination 
of Fujikura and SuperOx tapes is observed again. An impact of the mounting procedure cannot 
be excluded as during the heat treatment the tapes are exposed to temperatures 10% above the 
manufacturers’ recommendations. 



Fig. 7: Strain dependence of various industrial REBCO tapes 4.2 K, 19 T. Normalized critical 
current I c // Ci max versus strain e and irreversible strain limits ei rr in the graph (a). Critical current 
index value (n-value) versus strain e in the graph in graph (b). 


4-2. Stress - strain correlation 

As described in subsection |3.3[ the samples’ correlation of applied strain and mechanical stress is 
measured at 77 K and 4.2 K. The 77 K data is shown in graph (a) of figure [8] and the 4.21< data 
in graph (b). For the sake of readability, all “mini loops” (partial release of the stress at certain 
strains) have been removed from the graphs. Young’s moduli are obtained at the “mini loops” 
performed at 0.3 % strain. The highest Young’s modulus and yield strength are encountered for the 
tape from SuperOx, followed by SuperPower and SuNAM. With its stainless steel substrate, the 
stress - strain curve of the Bruker HTS tapes is more “round” resulting in the poorest mechanical 
properties. For the other manufacturers, the differences are mainly due to varying copper - Hastelloy 
ratios. Comparing 77K and 4.2 K, all sample’s mechanical properties are very similar: their Young’s 
modulus are identical at both temperatures while their mechanical yield strengths i? p o .2 are roughly 
10 % higher at 4.2 K. All samples’ stress-strain relations are slightly nonlinear even at low strains. 
There are no distinct elastic and inelastic regimes visible as a significant fraction of all samples, the 
copper, is already in yielding solely due to the cool-down to cryogenic temperatures m- 

The Fujikura samples fully de-laminate during the stress - strain measurements as shown in 
figure [9] At 77K the de-lamination occurs above 0.58% and above 0.62% at 4.2 K. On the whole 
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strain, e / % strain, e / % 


Fig. 8: The stress - strain dependence of the various industrial REBCO tapes is shown at 77 K in 
graph (a) and at 4.2 K in graph (b). For the sake of readability, all “mini loops” (partial release of 
the stress at certain strains) have been removed. 


length, the samples are split between the buffer layer stack and the superconducting layer indicating 
again a weakness of the interface between these layers in the coated conductors from Fujikura. No 
de-lamination is observed the other manufacturers’ tapes during the stress - strain measurements. 
In the stress - stain measurements, all samples are as received without heat treatment, therefore 
any influence of the mounting can be excluded. 



Fig. 9: De-laminated Fujikura coated conductor samples after the stress - strain measurements. 


f.3. Normalized critical current vs. stress 


Combining the strain dependent current carrying capabilities (subsection 4.1) with the samples’ 
stress - strain correlation (subsection |4.2| ) yields their normalized critical current versus mechanical 
stress. The 77 K, self-field stress dependence is shown in graph (a) of figure 10 and the 4.2 K, 19 T 


stress dependence in graph (b). The differences between the samples are lower in stress than in 
strain, as the tapes from Bruker HTS which exhibit high irreversible strain £i rr have low mechanical 
properties due to their stainless steel substrate, leading to lower irreversible stress (<Ti rr of 660 - 
670 MPa at 77 K and 740 - 750 MPa at 4.2 K). The high mechanical strength of Hastelloy results in 
high irreversible stress limits even for the tapes with low irreversible strain (<7i rr of 690 - 700 MPa, 
740 - 760 MPa at 77 K and 690 - 760 MPa, 770 - 800 MPa at 4.21< for Fujikura respectively SuperOx 
tapes). This brings the irreversible stress limits <7i rr of all investigated REBCO tapes close together, 
especially at 4.21< where all irreversible limits are within the 740 - 840 MPa range. 
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Fig. 10: Stress dependence of various industrial REBCO tapes. Normalized critical current 
Ic/Ic ,max versus stress cr and irreversible stress limits crj 1T at 77 K, self-field in graph (a) and at 
4.2 K, 19 T in graph (b). 


5. Discussion and conclusion 

The strain dependence of the tapes’ normalized current carrying capabilities shows strong differences 
between the manufacturers. The irreversible strain limits range from 0.45 % for SuperOx tapes to 
0.72% for Bruker HTS tapes. Due to similar conductor layouts, the strain dependencies of tapes 
from SuperPower and SuNAM are close, with irreversible strain limits of 0.66 - 0.69%. Fujikura 
and SuperOx tapes de-laminate during the electro-mechanical measurements, resulting in a step like 
transition to irreversibility and in lower irreversible strain limits. Neither de-lamination nor such a 
step like transition is observed for any other manufacturer. All samples were heated to temperatures 
10 % above the manufacturers’ recommendations during mounting, an impact of this heat treatment 
cannot be excluded. Comparing 77 K, self-field and 4.2 K, 19 T, the irreversible strain limits of all 
samples are identical while the strain effect (the reversible reduction of the critical current) is 
significantly lower at low temperature and high field. Remaining below 0.4 % strain, there are no 
discernible differences in the samples’ strain dependencies within the measurement accuracy. These 
results are in good agreement with free-standing critical current versus strain measurements which 
yield irreversible stress-limits e 11T of different commercial conductors in the 0.4 - 0.8% range fTTHT/i] . 
In a second step, the samples’ mechanical properties are investigated at 77 K and at 4.2 K. From 
the comparison of the results at these two temperatures, we found for all the tapes that the Young’s 
modulus does not vary but the yield strengths is ca. 10 % higher at the lower temperature. Young’s 
moduli are in the 149 - 186 GPa range, highest for Bruker HTS and lowest for SuperPower. All 
samples’ curves are nonlinear even at low strains due to the significant fraction of copper which 
is always in yielding solely from the cool-down to cryogenic temperatures [40, p. 2-15]. Bruker 
HTS’s curve is more round compared with the other samples because of its stainless steel substrate 
making it the sample with the lowest yield strength (ca. 700MPa). With ca. 1000MPa, the highest 
yield strength is observed for the REBCO tapes from SuperOx mainly due to its strong Hastelloy 
substrate and low copper cross section area. Full de-lamination is observed again with Fujikura 
REBCO tapes during the mechanical measurements the sample are as received without any heat 
treatment, thus indicating an interfacial (buffer layer stack to REBCO layer) weakness. In a third 
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step, the WASP measurements are combined with the samples mechanical properties yielding the 
samples’ dependence of their reduced critical current on applied stress. While the investigated 
coated conductor tapes are very different in their irreversible strain limits, their irreversible stress 
behavior is much more similar. Especially at 4.2 K, 19 T, stresses have almost no effect on the current 
carrying capabilities within the reversible region and the irreversible stress limits of all samples are 
in the 740 - 840 MPa range. The irreversible stress limits are lowest for Bruker HTS due its “round” 
stress - strain correlation combined with a low yield strength and highest for SuperPower. Below 
600 MPa, there are no differences in the samples’ strain dependencies of their critical currents. All 
mechanical and electro-mechanical properties of the investigated REBCO tapes are summarized in 
table [2] at 77 K, self-field and 4.2 K, 19 T. 

Tab. 2: Summary of the electro-mechanical and mechanical properties of the investigated REBCO 
coated conductors tape. 77 K, self-field data and 4.2 K, 19 T data. 


77 K, self-field 

Young’s modulus, E 

yield strength, -R p o.2 

irreversible strain limit, ej rr 

irreversible stress limit, <yj rr 


Bruker HTS 

186 GPa 

696 MPa 

0.70 - 0.72 % 

660 - 670 MPa 

Fujikura 

174 GPa 

694 MPa 

0.56 - 0.58 % 

690 - 700 MPa 

SuNAM 

168 GPa 

755 MPa 

0.66 - 0.68 % 

740 - 750 MPa 

SuperOx 

172 GPa 

957 MPa 

0.47 - 0.49 % 

740 - 760 MPa 

SuperPower 

149 GPa 

868 MPa 

0.66 - 0.69 % 

800 - 820 MPa 


4.2 K, 19 T Young’s modulus, E yield strength, -RpQ.2 irreversible strain limit, ej rr irreversible stress limit, CT , £ rr 


Bruker HTS 

187 GPa 

736 MPa 

0.70 - 0.72 % 

740 - 750 MPa 

Fujikura 

176 GPa 

787 MPa 

0.55 - 0.57% 

750 - 760 MPa 

SuNAM 

168 GPa 

846 MPa 

0.67 - 0.69 % 

830 - 840 MPa 

SuperOx 

172 GPa 

1083 MPa 

0.45 - 0.47 % 

770 - 800 MPa 

SuperPower 

155 GPa 

893 MPa 

0.66 - 0.68 % 

800 - 830 MPa 

Below 0.4% 

strain and below 600 MPa longitudinal tensile stress, there are no differences 


between the samples. On the other hand, in the case of applications where conductors are exposed 
to higher strains or stresses, great attention needs to be paid to the choice of the conductor. Common 
HTS applications are within these limits (~ 220 MPa in Bi2223 NMR coils 0 , « 330 MPa in HTS 
fusion magnets m and S3 500 MPa in REBCO NMR coils |10j ~l allowing the conductor choice to be 
based on other properties as the transverse stress dependence, the field dependence [5], the thermal 
conductivity [34, 251 or the electric and the thermal stability. However, in small coils, combination 
of hard and soft bending at the last turn of the layer can result in strains above these limits and 
the strain sensitivity of the conductor becomes the limiting factor. 
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